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Zkdw lv Idxow0wrohudqw FrqwuroB
P1 Eodqnh4/ F1 Iuhl5/

I1 Nudxv5/ U1 M1 Sdwwrq6/ P1 Vwdurvzlhfnl7

4Lqvwlwxwh ri Dxwrpdwlrq/ Whfkqlfdo Xqlyhuvlw| ri Ghqpdun/
5HWK/]xulfk/Vfkzlw}huodqg/

6Xqlyhuvlw| ri Kxoo/ XN
7Xqlyhuvlw| ri Olooh/ Iudqfh

Devwudfw

Idxowv lq dxwrpdwhg surfhvvhv zloo riwhq fdxvh xqghvluhg uhdfwlrqv dqg
vkxw0grzq ri d frqwuroohg sodqw/ dqg wkh frqvhtxhqfhv frxog eh gdpdjh wr
whfkqlfdo sduwv ri wkh sodqw/ wr shuvrqqho ru wkh hqylurqphqw1 Idxow0wrohudqw
frqwuro lv wkh v|qrq|p iru d vhw ri uhfhqw whfkqltxhv wkdw zhuh ghyhorshg wr
lqfuhdvh sodqw dydlodelolw| dqg uhgxfh wkh ulvn ri vdihw| kd}dugv1 Wkh dlp lv wr
suhyhqw wkdw vlpsoh idxowv ghyhors lqwr vhulrxv idloxuh1 Idxow0wrohudqw frqwuro
phujhv vhyhudo glvflsolqhv lqwr d frpprq iudphzrun wr dfklhyh wkhvh jrdov1
Wkh ghvluhg ihdwxuhv duh rewdlqhg wkurxjk rq0olqh idxow gldjqrvlv/ dxwrpdwlf
frqglwlrq dvvhvvphqw dqg fdofxodwlrq ri dssursuldwh uhphgldo dfwlrqv wr dyrlg
fhuwdlq frqvhtxhqfhv ri d idxow1 Wkh hqyhorsh ri wkh srvvleoh uhphgldo dfwlrqv
lv yhu| zlgh1 Dssursuldwh uh0wxqlqj fdq vrphwlphv vx!fh1 Lq rwkhu fdvhv/ df0
frpprgdwlrq ri wkh idxow frxog eh dfklhyhg e| uhsodflqj d phdvxuhphqw iurp
d idxow| vhqvru e| dq hvwlpdwh1 Lq vrph vlwxdwlrqv/ frpsoh{ uhfrq�jxudwlrq
zlwk rq0olqh frqwuroohu uhghvljq lv uhtxluhg1 Wklv sdshu lqwurgxfhv wrrov wr
dqdo|}h dqg h{soruh vwuxfwxuh dqg rwkhu ixqgdphqwdo surshuwlhv ri dq dxwr0
pdwhg v|vwhp vxfk wkdw dq| lqkhuhqw uhgxqgdqf| lq wkh frqwuroohg surfhvv fdq
eh ixoo| xwlol}hg wr pdlqwdlq dydlodelolw|/ hyhq wkrxjk idxowv pd| rffxu1

4 Lqwurgxfwlrq

Dxwrpdwhg v|vwhpv duh yxoqhudeoh wr idxowv1 Ghihfwv lq vhqvruv/ dfwxdwruv/
lq wkh surfhvv lwvhoi/ ru zlwklq wkh frqwuroohu/ fdq eh dpsol�hg e| wkh forvhg0
orrs frqwuro v|vwhpv/ dqg idxowv fdq ghyhors lqwr pdoixqfwlrq ri wkh orrs1 Wkh
forvhg0orrs pd| dowhuqdwlyho| klgh d idxow iurp ehlqj revhuyhg xqwlo d vlwxdwlrq
lv uhdfkhg lq zklfk d idloxuh lv lqhylwdeoh1 Dowhuqdwlyho|/ wkh forvhg0orrs frqwuro
dfwlrq pd| klgh d idxow iurp ehlqj revhuyhg1 D vlwxdwlrq lv uhdfkhg lq zklfk
d idxow hyhqwxdoo| ghyhorsv lqwr d vwdwh zkhuh orrs0idloxuh lv lqhylwdeoh1 D
frqwuro0orrs idloxuh zloo hdvlo| fdxvh surgxfwlrq wr vwrs ru v|vwhp pdoixqfwlrq
dw d sodqw ohyho1

Zlwk hfrqrplf ghpdqg iru kljk sodqw dydlodelolw|/ dqg dq lqfuhdvlqj dzduh0
qhvv derxw wkh ulvnv dvvrfldwhg zlwk v|vwhp pdoixqfwlrq/ ghshqgdelolw| lv eh0
frplqj dq hvvhqwldo frqfhuq lq lqgxvwuldo dxwrpdwlrq1 D frvw0h�hfwlyh zd|
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wr rewdlq lqfuhdvhg ghshqgdelolw| lq dxwrpdwhg v|vwhpv lv wr lqwurgxfh idxow0
wrohudqw frqwuro +IWF,1 Wklv lv dq hphujlqj duhd lq dxwrpdwlf frqwuro zkhuh
vhyhudo glvflsolqhv dqg v|vwhp0wkhruhwlf lvvxhv duh frpelqhg wr rewdlq d xqltxh
ixqfwlrqdolw|1 D nh| lvvxh lv wkdw orfdo idxowv duh suhyhqwhg iurp ghyhorslqj
lqwr idloxuhv wkdw fdq vwrs surgxfwlrq ru fdxvh vdihw| kd}dugv1

Dxwrpdwlrq iru vdihw|0fulwlfdo dssolfdwlrqv/ zkhuh qr idloxuh frxog eh wrohu0
dwhg/ uhtxluhv uhgxqgdqw kdugzduh wr idflolwdwh idxow uhfryhu|1 Idlo0rshudwlrqdo
v|vwhpv duh pdgh lqvhqvlwlyh wr dq| vlqjoh srlqw frpsrqhqw idloxuh1 Idlo0vdih
v|vwhpv pdnh frqwuroohg vkxw0grzq wr d vdih vwdwh zkhq d vhqvru phdvxuhphqw
lqglfdwhv d fulwlfdo idxow1 Lq frqwudvw/ idxow0wrohudqw frqwuro v|vwhpv/ hpsor|
uhgxqgdqf| lq wkh sodqw dqg lwv dxwrpdwlrq v|vwhp wr pdnh �lqwhooljhqw� vriw0
zduh wkdw prqlwruv ehkdylru ri frpsrqhqwv dqg ixqfwlrq eorfnv1 Idxowv duh
lvrodwhg/ dqg dssursuldwh uhphgldo dfwlrqv wdnhq wr suhyhqw wkdw idxowv ghyhors
lqwr fulwlfdo idloxuhv1 Wkh ryhudoo IWF vwudwhj| lv wr nhhs sodqw dydlodelolw| dqg
dffhsw uhgxfhg shuirupdqfh zkhq fulwlfdo idxowv rffxu1

Rqh zd| ri dfklhylqj idxow0wrohudqfh lv wr hpsor| idxow gldjqrvlv vfkhphv
rq0olqh1 D glvfuhwh hyhqw vljqdo wr d vxshuylvru0djhqw lv jhqhudwhg zkhq d idxow
lv ghwhfwhg1 Wklv/ lq wxuq dfwlydwhv dffrpprgdwlrq dfwlrqv ^7`/ zklfk fdq
eh suh0ghwhuplqhg iru hdfk w|sh ri fulwlfdo idxow ru rewdlqhg iurp uhdo0wlph
dqdo|vlv dqg rswlpl}dwlrq1

V|vwhpdwlf dqdo|vlv ri idxow sursdjdwlrq ^4`/ ^9` zdv vkrzq wr eh dq hv0
vhqwldo wrro iru ghwhuplqdwlrq ri vhyhulw| ri idxow h�hfwv dqg iru dvvhvvphqw ri
uhphgldo dfwlrqv hduo| lq wkh ghvljq skdvh1 D vhpdqwlfv iru vhuylfhv edvhg rq
jhqhulf frpsrqhqw prghov zdv ghyhorshg lq ^6;`/ ^46` dqg d judsklf dqdo|vlv
zdv irxqg wr eh yhu| xvhixo1 Wkh surshuwlhv ri frpelqhg idxow gldjqrvlv dqg
frqwuro zhuh wuhdwhg lq ^64`1 ^6<` irfxv rq wkh xvh ri idxow hvwlpdwlrq zlwklq d
uholdeoh frqwuro iudphzrun/ xvlqj wkh gh�qlwlrqv jlyhq e| ^74`1 Wkh phwkrgv
iru uh0frq�jxudwlrq ghvljq duh frpsdudwlyho| qhz zlwklq wkh IWF grpdlq1
D ihz vfkhphv kdyh frph lqwr uhdo dssolfdwlrq1 Suhghwhuplqhg ghvljq iru df0
frpprgdwlrq zdv ghprqvwudwhg iru d vpdoo vdwhoolwh lq ^:`/ dqg ^9`1 Whfkqltxhv
xvlqj orjlf lqihuhqfh rq txdolwdwlyh prghov zhuh xvhg lq ^59` dqg ^5:`1

D uhodwhg duhd lv wkh frqwuro ri glvfuhwh0hyhqw g|qdplfdo v|vwhpv +GHGV,
zklfk kdyh d nqrzq vwuxfwxuh zlwk suh0ghwhuplqhg hyhqwv wkdw rffxu zlwk
xqnqrzq lqvwdqwv dqg vhtxhqfh ^76`1 Gldjqrvlv iru GHGV zdv wuhdwhg lq ^66`
dqg ^58`1 GHGV lv d vxe0fodvv ri IWF/ zkhuh hyhqwv duh qrw suh0ghwhuplqhg
dqg v|vwhp vwuxfwxuh fdq fkdqjh zkhq idxowv rffxu1

Frqfhuqlqj lpsohphqwdwlrq/ d fruuhfw dqg frqvlvwhqw frqwuro v|vwhp dqdo0
|vlv vkrxog dozd|v eh iroorzhg e| htxdoo| fruuhfw vriwzduh lpsohphqwdwlrq1
Wklv lv sduwlfxoduo| uhohydqw iru wkh vxshuylvru| sduwv ri dq IWF vfkhph ^4<`1
Whvwlqj ri wkh IWF hohphqwv lv gl!fxow vlqfh lw lv gl!fxow wr uhsolfdwh wkh uhdo
frqglwlrqv xqghu zklfk idxowv rffxu1 Zhoo sodqqhg vriwzduh dufklwhfwxuh dqg
lpsohphqwdwlrq duh wkxv fuxfldo lvvxhv iru IWF lpsohphqwdwlrq1 D vwxg| ri
wkh xvh ri remhfw0rulhqwhg surjudpplqj dufklwhfwxuhv zdv ghvfulehg e| ^57`1
Wkh IWF duhd lv khqfh yhu| zlgh dqg lqyroyhv vhyhudo duhdv ri v|vwhp wkhru|1
Rqh ryhuylhz ^64` hpskdvl}hg pdq| dojrulwkplf hvvhqwldov dqg wkh uroh ri IGL1



6

Dqrwkhu ^7` suhvhqwhg dq hqjlqhhulqj ylhz ri wkh phdqv wr rewdlq IWF1
Wklv sdshu irfxv rq wkh phwkrgrorjlfdo lvvxhv lq dqdo|vlv iru IWF1 Wkh

vhyhulw| ri idxowv lv �uvw dgguhvvhg wkurxjk dqdo|vlv ri idxow sursdjdwlrq/ zklfk
surylghv d olvw ri idxowv wkdw vkrxog eh vwrsshg iurp ghyhorslqj lqwr idloxuh gxh
wr wkh vhyhulw| ri wkhlu hqg h�hfwv1 Wkh srvvlelolwlhv wr ghwhfw dqg vwrs sursd0
jdwlrq ri sduwlfxodu idxowv duh wkhq ghdow zlwk1 D vwuxfwxudo dqdo|vlv whfkqltxh
lv lqwurgxfhg/ zklfk xvhv judsk wkhru| wr ghwhuplqh zklfk uhgxqgdqf| h{lvw
lq wkh v|vwhp dqg wkxv vkrzv wkh srvvlelolwlhv wr gldjqrvh dqg kdqgoh sduwlf0
xodu idxowv ^46`/ ^67`/ ^4<`1 Wkh vwuxfwxuh ri wkh sureohp jlyhv d qxpehu ri
srvvlelolwlhv iru uhfryhu|1 Wkh delolw| wr frqwuro ru revhuyh wkh v|vwhp ^55`/ ^75`
duh h{whqghg wr phdvxuh wkhvh surshuwlhv ri d v|vwhp diwhu d sduwlfxodu idxow
^45`1 Qh{w/ lpsohphqwdwlrq ri d idxow0wrohudqw frqwuro vfkhph lv sursrvhg dv d
od|huhg vwuxfwxuh zkhuh dq dxwrqrprxv vxshuylvru lpsohphqwv ghwhfwlrq dqg
uhfrq�jxudwlrq xvlqj wkh qhfhvvdu| orjlfv1 Wkh ryhudoo ghyhorsphqw vwudwhj|
lv �qdoo| vxppdul}hg dqg dq h{dpsoh looxvwudwh ihdwxuhv ri wkh phwkrgv1

5 Edvlf Gh�qlwlrqv

Dv wklv lv d qhz hqjlqhhulqj �hog whuplqrorj| lw lv sduwlfxoduo| lpsruwdqw
wr gh�qh wkh whuplqrorj| fduhixoo|1 D vkruw olvw lv hqforvhg zlwk wkh pdlq
whupv1 D orqjhu olvw fdq eh irxqg lq wkh LIDF 0 VDIHSURFHVV whuplqrorj|
gh�qlwlrq ^4:`1 Lq dgglwlrq wr whuplqrorj|/ gl�huhqw frqwuro phwkrgv vkrxog
eh fohduo| glvwlqjxlvkhg1 Gh�qlwlrqv duh lqfoxghg wr vshfli| h{solflwo| zkdw
vkrxog eh xqghuvwrrg e| wkh whup idxow0wrohudqw frqwuro1

514 Whuplqrorj|

� Frqvwudlqw = d ixqfwlrqdo uhodwlrq ehwzhhq yduldeohv dqg sdudphwhuv ri
d v|vwhp1 Frqvwudlqwv pd| eh vshfl�hg lq gl�huhqw irupv/ lqfoxglqj
olqhdu dqg qrqolqhdu gl�huhqwldo htxdwlrqv/ dqg wdexodu uhodwlrqv zlwk
orjlf frqglwlrqv ehwzhhq yduldeohv1

� Idlo0rshudwlrqdo = d v|vwhp lv deoh wr rshudwh zlwk qr fkdqjh lq remhfwlyhv
ru shuirupdqfh ghvslwh ri dq| vlqjoh idloxuh1

� Idlo0vdih = d v|vwhp idlov wr d vwdwh wkdw lv frqvlghuhg vdih lq wkh sduwlfxodu
frqwh{w1

� Idxow0wrohudqfh = wkh delolw| ri d frqwuroohg v|vwhp wr pdlqwdlq frqwuro
remhfwlyhv/ ghvslwh wkh rffxuuhqfh ri d idxow1 D ghjudgdwlrq ri frqwuro
shuirupdqfh pd| eh dffhswhg1 Idxow0wrohudqfh fdq eh rewdlqhg wkurxjk
idxow dffrpprgdwlrq ru wkurxjk v|vwhp dqg 2ru frqwuroohu uhfrq�jxud0
wlrq1

� Idxow0dffrpprgdwlrq = fkdqjh lq frqwuroohu sdudphwhuv ru vwuxfwxuh wr
dyrlg wkh frqvhtxhqfhv ri d idxow1 Wkh lqsxw0rxwsxw ehwzhhq frqwuroohu



7

dqg sodqw lv xqfkdqjhg1 Wkh ruljlqdo frqwuro remhfwlyh lv dfklhyhg do0
wkrxjk shuirupdqfh pd| ghjudgh1

� Uhfrq�jxudwlrq = fkdqjh lq lqsxw0rxwsxw ehwzhhq wkh frqwuroohu dqg
sodqw wkurxjk fkdqjh ri frqwuroohu vwuxfwxuh dqg sdudphwhuv1 Wkh ruljl0
qdo frqwuro remhfwlyh lv dfklhyhg dowkrxjk shuirupdqfh pd| ghjudgh1

� Vxshuylvlrq = wkh delolw| wr prqlwru zkhwkhu frqwuro remhfwlyhv duh phw1
Li qrw/ rewdlq2fdofxodwh d uhylvhg frqwuro remhfwlyh dqg d qhz frqwuro
vwuxfwxuh dqg sdudphwhuv wkdw pdnh d idxow| forvhg orrs v|vwhp phhw
wkh qhz prgl�hg remhfwlyh1 Vxshuylvlrq vkrxog wdnh h�hfw li idxowv rffxu
dqg lw lv qrw srvvleoh wr phhw wkh ruljlqdo frqwuro remhfwlyh zlwklq wkh
idxow0wrohudqw vfkhph1

� Vwuxfwxuh judsk = D gluhfwhg judsk uhsuhvhqwlqj wkh jhqhudo g|qdplf
htxdwlrqv +frqvwudlqwv, wkdw ghvfuleh wkh v|vwhp1 Frqvwudlqwv wkdw duh
lvrprusklf pdsslqjv duh ghqrwhg e| grxeoh duurzv rq dufv1 Qrq0lvrprusklf
pdsslqjv duh lqglfdwhg e| xqlgluhfwlrqdo dufv lq wkh judsk1 Wkh judsk
kdv wkh vshfldo surshuw| wkdw lw lv elsduwlwh1

515 Gh�qlwlrqv

D vwdqgdug frqwuro sureohp lv gh�qhg e| d frqwuro remhfwlyh R/ d fodvv ri
frqwuro odzv X/ dqg d vhw ri frqvwudlqwv F1 Frqvwudlqwv duh ixqfwlrqdo uhod0
wlrqv wkdw ghvfuleh wkh ehkdylru ri d g|qdplf v|vwhp1 Olqhdu ru qrqolqhdu
gl�huhqwldo htxdwlrqv frqvwlwxwh yhu| xvhixo uhsuhvhqwdwlrqv ri frqvwudlqwv iru
pdq| sk|vlfdo v|vwhpv1 Rwkhu w|shv ri prghov duh qhfhvvdu| lq rwkhu fdvhv1
Wkh frqvwudlqwv gh�qh d vwuxfwxuh V dqg sdudphwhuv � ri wkh v|vwhp1 Vroylqj
wkh frqwuro sureohp phdqv wr �qg lq X d frqwuro odz X wkdw vdwlv�hv F zkloh
dfklhylqj R 1 Vrph shuirupdqfh lqglfdwru M frxog eh dvvrfldwhg zlwk d frqwuro
remhfwlyh R1 Zkhq vhyhudo vroxwlrqv h{lvw/ wkh ehvw rqh lv vhohfwhg dffruglqj
wr M 1 Wkh frqwuro sureohp lv gh�qhg dv=

Gh�qlwlrq 4 Wkh frqwuro sureohp = Vroyh wkh sureohp ? R>V> �>X A zkhuh
wkh vwuxfwxuh V dqg sdudphwhuv � ri wkh frqvwudlqwv F duh glvwlqjxlvkhg1

Qrz vxssrvh wkdw zh rqo| nqrz wkh vhw wr zklfk wkh dfwxdo ydoxh ehorqjv/
h1j1 gxh wr wlph0ydu|lqj sdudphwhuv ru xqfhuwdlqw|/ wkh frqwuro sureohp lv
qrz wr dfklhyh R xqghu frqvwudlqwv zkrvh vwuxfwxuh lv V dqg zkrvh sdudph0
whuv ehorqj wr d vhw �1 Wzr vroxwlrq dssurdfkhv fdq eh gh�qhg= urexvw frqwuro
plqlpl}hv wkh glvfuhsdqf| ryhu � ri wkh dfklhyhg uhvxowv/ zkloh dgdswlyh frq0
wuro �uvw hvwlpdwhv wkh �wuxh� sdudphwhu a�=

Gh�qlwlrq 5 Wkh urexvw frqwuro sureohp = Vroyh ? R>V>�>X A zkhuh �
vwdqgv iru d vhw ri srvvleoh � ydoxhv1

Gh�qlwlrq 6 Wkh dgdswlyh frqwuro sureohp = Vroyh ? R>V> a�>X A zkhuh a� 5 �
lv hvwlpdwhg dv sduw ri wkh dgdswdwlrq1
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Wkh qh{w sureohp h{whqvlrq lv ? R> V>�>X A zkhuh V vwdqg iru d jlyhq vhw
ri frqvwudlqw vwuxfwxuhv1 Gh�qh vrph ghwhuplqlvwlf dxwrpdwrq �> zklfk vkliwv
iurp rqh sdlu +V> �, 5 V�� wr dqrwkhu rqh +k|eulg frqwuro,1 Wkh sureohp lv wr
dfklhyh R xqghu d vhtxhqfh ri frqvwudlqwv zklfk lv gh�qhg e| �1 Zkhq R lwvhoi
lv ghfrpsrvhg lqwr d vhtxhqfh ri jrdov/ wkh sureohp ehfrphv ? R> V>�>X A
zlwk � vkliwlqj iurp rqh txdguxsoh +R>V> �> X, 5 R� V���X wr dqrwkhu1

Qh{w/ frqvlghu ? R> V>�>X A zlwk xqfhuwdlq nqrzohgjh derxw +V> �,1 R
kdv wr eh dfklhyhg xqghu frqvwudlqwv zkrvh vwuxfwxuh dqg sdudphwhuv duh sduwo|
ru ixoo| xqnqrzq/ h{fhsw wkdw +V> �, ehorqjv wr V��1 Ohw d frqwuro remhfwlyh R
dqg d qrplqdo v|vwhp +V�> ��, eh jlyhq1 Ohw +V> �, eh wkh dfwxdo frqvwudlqwv dqg

+ aV> a�, wkh hvwlpdwhg rqhv1 Qrplqdo frqwuro reylrxvo| vroyhv ? R>V�> ��>X A1
Zkhq d idxow rffxuv/ +V> �, 9@ +V�> ��, dqg qrplqdo frqwuro lv qr orqjhu vxlwdeoh1
Wklv lv d jhqhudol}dwlrq ri wkh urexvw dqg dgdswlyh frqwuro sureohpv1 Erwk wkh
sdudphwhuv dqg wkh vwuxfwxuh ri frqvwudlqwv pd| fkdqjh zkhq idxowv rffxu1

Gh�qlwlrq 7 Wkh idxow0wrohudqw frqwuro sureohp= Vroyh ? R> aV> a�>X A zkhuh
�

aV> a�
�

lv wkh vhw ri srvvleoh vwuxfwxuhv dqg sdudphwhuv ri wkh idxow| v|vwhp1

Zkhuh gldjqrvlv lv dydlodeoh/ wkh vhw
�

aV> a�
�

frxog eh surylghg e| d gldjqrvlv

wdvn1

Pdq| gl�huhqw dssurdfkhv fdq eh xvhg wr vroyh wkh IWF sureohp? R> aV> a�>X A
^64`1 Krzhyhu/ urexvw dssurdfkhv/ zklfk dfklhyh wkh jrdo iru dq| sdlu +V> �,
duh fohduo| xquhdolvwlf lq wkh jhqhudo fdvh1

Zh gh�qh wzr vxevhwv ri idxow0wrohudqw frqwuro/ rqh lv dffrpprgdwlrq/ wkh
rwkhu uhfrq�jxudwlrq1

Gh�qlwlrq 8 Idxow dffrpprgdwlrq = Vroyh wkh frqwuro sureohp ? R> aV> a�>X A
zkhuh + aV> a�, lv wkh hvwlpdwh ri wkh dfwxdo frqvwudlqwv/ h1j1 surylghg e| idxow
gldjqrvlv dojrulwkpv1

Wkh idxow+v, fdq wkxv eh dffrpprgdwhg li ? R> aV> a�>X A kdv d vroxwlrq1 Li
dffrpprgdwlrq lv qrw srvvleoh/ dqrwkhu sureohp kdv wr eh vwdwhg/ e| �qglqj
d sdlu +	> �, dprqj doo ihdvleoh sdluv V � �> vxfk wkdw ? R>	> � >X A kdv
d vroxwlrq1 D sdlu +	> �, lv frqvlghuhg ihdvleoh li lw ehorqjv wr wkh idxow0iuhh

sduwv ri wkh idxow| v|vwhp1 Idxow gldjqrvlv pd| lghqwli| d vhw
�

aV> a�
�

wr jlyh

dq hvwlpdwh ri wkh frqvwudlqwv ri wkh idxow| v|vwhp1 Wklv lv qrw d qhfhvvdu|
suhuhtxlvlwh exw wkh dydlodelolw| ri vxfk hvwlpdwh zloo lpsuryh wkh srvvlelolw|
ri �qglqj vdlg vroxwlrq1 Wklv surfhgxuh lv dq dfwlyh dssurdfk/ wkh frqwuro lv
fkdqjhg dv d frqvhtxhqfh ri rxu nqrzohgjh ri wkh qhz frqwuro sureohp1

Uhfrq�jxudwlrq lv khqfh gh�qhg dv iroorzv=

Gh�qlwlrq 9 Uhfrq�jxudwlrq = Ilqg d qhz vhw ri v|vwhp frqvwudlqwv +	> �,

5 +V>�,
�

�

�
+aV> a�, vxfk wkdw wkh frqwuro sureohp ? R>	> � >X A kdv d vroxwlrq1

Dfwlydwh wklv vroxwlrq1 Wkh fkrlfh ri d qhz vhw ri frqvwudlqwv zloo lpso| wkdw
lqsxw0rxwsxw uhodwlrqv ehwzhhq frqwuroohu dqg sodqw duh fkdqjhg1
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Wkh gl�huhqfh ehwzhhq dffrpprgdwlrq dqg uhfrq�jxudwlrq zkhwkhu lqsxw0
rxwsxw +L2R, ehwzhhq frqwuroohu dqg sodqw lv fkdqjhg1 Uhfrq�jxudwlrq lpsolhv
xvh ri gl�huhqw L2R uhodwlrqv ehwzhhq wkh frqwuroohu dqg wkh v|vwhp1 Vzlwfk ri
wkh v|vwhp wr d gl�huhqw lqwhuqdo vwuxfwxuh/ wr fkdqjh lwv prgh ri rshudwlrq/ lv
dq h{dpsoh ri vxfk L2R vzlwfklqj1 Dffrpprgdwlrq grhv qrw xvh vxfk phdqv1

Erwk idxow dffrpprgdwlrq dqg v|vwhp uhfrq�jxudwlrq vwudwhjlhv pd| qhhg
qhz frqwuro odzv lq uhvsrqvh wr idxowv1 Wkh| dovr kdyh wr pdqdjh wudqvlhqw eh0
kdylru/ zklfk uhvxow iurp wkh fkdqjh ri frqwuro odz ru fkdqjh ri wkh frqvwudlqwv*
vwuxfwxuh1

Lw lv qrwhg wkdw wkh vhw ri ihdvleoh sdluv V�� pd| ghshqg rq wkh idxow+v,1
Li vxfk d sdlu grhv qrw h{lvw/ wklv phdqv wkdw R fdq eh dfklhyhg qhlwkhu e|
idxow dffrpprgdwlrq qru e| v|vwhp uhfrq�jxudwlrq1 Wkh rqo| srvvlelolw| lv
wkxv wr fkdqjh R1

Wkh prvw jhqhudo sureohp lv gh�qhg e| wkh wulsoh ? R> V>�>X A zkhuh R
lv d vhw ri srvvleoh frqwuro remhfwlyhv1 Lq ylhz ri lwv sudfwlfdo lqwhusuhwdwlrq/
? R> V>�>X A lv gh�qhg dv d vxshuylvlrq sureohp lq zklfk wkh v|vwhp jrdo
lv qrw suh0gh�qhg/ exw kdv wr eh ghwhuplqhg dw hdfk wlph wdnlqj lqwr dffrxqw
wkh dfwxdo v|vwhp srvvlelolwlhv1

D vxshuylvlrq sureohp lv wkxv dq IWF sureohp dvvrfldwhg zlwk d ghflvlrq
sureohp= zkhq idxowv duh vxfk wkdw idxow0wrohudqfh fdqqrw eh dfklhyhg/ wkh
v|vwhp jrdo lwvhoi kdv wr eh fkdqjhg ^69`1 Zkhq idu0uhdfklqj ghflvlrqv zlwk
uhvshfw wr wkh v|vwhp jrdo kdyh wr eh wdnhq/ kxpdq rshudwruv duh jhqhudoo|
lqyroyhg1

Gh�qlwlrq : Vxshuylvlrq = Prqlwru wkh wulsoh +R>V> �, wr ghwhuplqh zkhwkhu
wkh frqwuro remhfwlyh lv dfklhyhg1 Li wklv lv qrw wkh fdvh/ dqg wkh idxow wrohudqw
sureohp grhv qrw kdyh d vroxwlrq/ wkhq �qg d uhod{hg remhfwlyh � 5 R dqg d
sdlu +	> �, 5 V��> vxfk wkdw wkh uhod{hg frqwuro sureohp ? �>	> � >X A kdv d
vroxwlrq1

Li qr vxfk wulsoh h{lvwv/ idloxuh lv xqdyrlgdeoh1 Wklv fdq eh d ghvljq huuru
ru d gholehudwh fkrlfh wr dffhsw fhuwdlq idloxuh vfhqdulrv/ h1j1 iru uhdvrqv ri
frvw2ehqh�w ru vpdoo olnholkrrg iru d fhuwdlq hyhqw1 Wkh fkrlfh ri d qhz re0
mhfwlyh fdq eh pdgh dxwrqrprxvo| lq uduh fdvhv rqo|1 Prvw frpprqo|/ kxpdq
lqwhuyhqwlrq lv qhhghg/ xvlqj ghflvlrq vxssruw iurp wkh gldjqrvlv dqg ryhudoo
jrdov iru wkh sodqw ^56`/ ^6:`1 Lw vkrxog eh qrwhg wkdw wkh fkrlfh ri � frxog eh
pdgh wr lqfoxgh wkh idlo0wr0vdih frqglwlrq zkhuh frqwuro lv qr orqjhu dfwlyh exw
sodqw vdihw| lv qrw dw vwdnh1

Gh�qlwlrq ; D v|vwhp lv uhfryhudeoh iurp d idxow l� d vroxwlrq h{lvwv wr dw
ohdvw rqh ri wkh sureohpv ? R> aV> a�>X A dqg ? R>	> � >X A 1

Gh�qlwlrq < D v|vwhp lv zhdno| uhfryhudeoh li d vroxwlrq h{lvwv wr ? �>	> � >X A1
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6 Dqdo|vlv ri Idxow Sursdjdwlrq

Wkh �uvw vwhs lq d idxow0wrohudqw ghvljq lv wr ghwhuplqh zklfk idloxuh prghv
frxog vhyhuho| d�hfw wkh vdihw| ru dydlodelolw| ri d sodqw1 Dqdo|vlv ri idloxuh
ri sduwv ri d v|vwhp lv d fodvvlfdo glvflsolqh dqg wkh idloxuh prgh dqg h�hfwv
dqdo|vlv +IPHD, lv zlgho| xvhg dqg dssuhfldwhg lq lqgxvwu|1 Wkh wudglwlrqdo
IPHD grhv qrw vxssruw dqdo|vlv ri wkh kdqgolqj ri idxowv/ rqo| ri wkhlu surs0
djdwlrq1 Lq dxwrpdwhg v|vwhpv/ zkhq wkh jrdo ri idxow0wrohudqfh lv wr frqwlqxh
rshudwlrq/ li wklv lv dw doo srvvleoh1 Dq h{whqghg phwkrg iru idxow sursdjd0
wlrq dqdo|vlv +ISD, zdv khqfh vxjjhvwhg lq ^4` xvlqj dq dojheudlf dssurdfk
iru sursdjdwlrq dqdo|vlv1 Wkh dlp ri wkh ISD lv wr vkrz hqg h�hfwv ri idxowv/
dqg dvvlvw lq ghvljqlqj iru idxow wrohudqfh vxfk wkdw hqg h�hfwv zlwk vhyhuh
frqvhtxhqfhv duh vwrsshg li wkh v|vwhp vwuxfwxuh pdnhv wklv srvvleoh1 Li wkh
ISD dqdo|vlv �qgv wkdw vhulrxv idloxuh fdq rffxu gxh wr fhuwdlq idxowv/ wkhvh
duh lqfoxghg lq d olvw ri idxow h�hfwv wr eh ghwhfwhg1 Zkhwkhu wklv lv srvvleoh lv
glvforvhg lq d odwhu dqdo|vlv ri vwuxfwxuh wkdw vkrzv zklfk uhgxqgdqw lqirupd0
wlrq lv dydlodeoh lq wkh v|vwhp ^6;`/ ^;`/ ^<`1 Wkh �qdo vwhs zloo wkhq eh wr �qg
dfwlrqv/ suhihudeo| zlwklq wkh vriwzduh ri wkh frqwuroohu/ wkdw fdq dffrppr0
gdwh wkh idxow dqg suhyhqw wkh vhulrxv hqg h�hfwv iurp rffxuulqj1 Dqdo|vlv ri
zkhwkhu wklv zloo eh srvvleoh lv d sduw ri wkh dqdo|vlv iru wkh txdolw| phdvxuhv
ri uhfryhu| iru wkh v|vwhp ^45`/ ^67`1

614 Idxow sursdjdwlrq

Iru wkh uhdvrqv jlyhq deryh/ idxow dqdo|vlv qhhgv wr lqfrusrudwh dqdo|vlv wkurxjk0
rxw d v|vwhp1 Lq rughu wr gr wklv d frpsrqhqw0edvhg phwkrg zdv lqwurgxfhg
^4`/ lq zklfk srvvleoh frpsrqhqw idxowv duh lghqwl�hg dw dq hduo| vwdjh ri ghvljq1
Wkh phwkrg xvhv wkh IPHD ghvfulswlrq ^54`/ ^49` ri frpsrqhqwv dv d vwduwlqj
srlqw1 Lq wklv frqwh{w frpsrqhqwv duh vhqvruv/ ydoyhv/ prwruv/ surjudppdeoh
ixqfwlrqv hwf11 Surjudppdeoh sduwv duh frqvlghuhg dv frqvlvwlqj ri vhsdudwh
ixqfwlrq eorfnv wkdw fdq eh wuhdwhg vlploduo| wr sk|vlfdo frpsrqhqwv lq wkh
dqdo|vlv/ ehdulqj lq plqg wkdw wkhlu surshuwlhv pd| eh fkdqjhg e| vriwzduh
prgl�fdwlrqv li vr ghvluhg1

Dq IPHD vfkhph vkrzv krz idxow h�hfwv rxw ri wkh frpsrqhqw uhodwh wr
idxowv dw lqsxwv/ rxwsxwv/ ru sduwv zlwklq wkh frpsrqhqwv1

Gh�qlwlrq 43 Idxow sursdjdwlrq pdwul{= errohdq pdsslqj ri frpsrqhqw idxowv
if 5 I rqwr h�hfwv hf 5 H=

P = I � H w i3> 4j > plm @

�

4 li ifm @ 4 @, hfl @ 4
3 rwkhuzlvh

Dq IPHD vfkhph fdq eh h{suhvvhg dv

hfl #P
i
l 
 ifl +4,

zkhuh Pi
l lv d Errohdq pdwul{ uhsuhvhqwlqj wkh sursdjdwlrq1 Wkh rshu0

dwru 
 lv wkh lqqhu surgxfw glvmxqfwlrq rshudwru wkdw shuirupv wkh errohdq
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rshudwlrq

hfln # +pln4 a ifl4, b +pln5 a ifl5, === b +plnq a iflq, +5,

Zkhq h�hfwv sursdjdwh iurp rwkhu frpsrqhqwv/ zh jhw/ dw ohyho l=

hfl # D
i
l 


�

ifl
hf+l�4,

�

+6,

Wklv lv d vxumhfwlyh pdsslqj iurp idxowv wr h�hfwv= wkhuh lv d xqltxh sdwk iurp
idxow wr hqg h�hfw/ exw vhyhudo gl�huhqw idxowv pd| fdxvh wkh vdph hqg h�hfw1

V|vwhp ghvfulswlrqv duh rewdlqhg iurp lqwhufrqqhfwlrq ri frpsrqhqw gh0
vfulswlrqv1 Phujlqj wzr ohyhov jlyhv wkh hqg h�hfwv dw wkh vhfrqg ohyho/
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+7,

Hyhqwxdoo|/ hqg h�hfwv dw wkh v|vwhp ohyho duh uhdfkhg1
D pdsslqj ri revhuyhg h�hfwv wr srvvleoh idxowv duh rewdlqhg wkurxjk if @

�

Pi
��4

hf= Dqg
�

Pi
��4

@PW vlqfhPi lv Errohdq1 Dqdo|vlv ri wkh v|vwhp
pdwul{ fdq hdvlo| vkrz zkhuh lq wkh v|vwhp wkh sursdjdwlrq vkrxog eh ghwhfwhg
dqg vwrsshg1

Zkhq wkhuh lv qr orjlfdo ihhgedfn lqyroyhg/ wkh uhvxow lv wkh fdsdelolw|
ri lvrodwlrq ri idxow h�hfwv dw dq| ohyho1 Li ihhgedfn lv lqyroyhg/ zh kdyh d
sulqflsdo gl!fxow|= li d fxw lq wkh judsk ri d errohdq orrs lv vwdeoh 0 wkh wzr
vlghv ri wkh fxw uhpdlq htxdo diwhu rqh sursdjdwlrq durxqg wkh orrs 0 wkhq wkh
orrs lv d wdxwrorj| dqg fdq eh holplqdwhg1 Li qrw/ qr errohdq vroxwlrq h{lvwv1
D �ghglfdwhg orrs wuhdwphqw� zdv hpsor|hg lq ^6` wr gh�qh wkh wzr vlghv ri
d orrs fxw dv dgglwlrqdo lqsxw dqg rxwsxw/ dqg ohdyh wkh ixuwkhu mxgjhphqw
wr wkh ghvljqhu1 Wklv vkruwfrplqj lv vkduhg e| vhyhudo phwkrgv lq uholdelolw|
hqjlqhhulqj1 Wkh sulqflsdo gl!fxow| lv fdxvhg e| wkh elqdu| prgholqj ri idxowv
dqg wkhlu sursdjdwlrq1

Zlwk wklv revwdfoh lq plqg/ idxow sursdjdwlrq dqdo|vlv vkrxog eh wkh �uvw
vwhs lq d idxow0wrohudqw ghvljq1 Wkh v|vwhpdwlf dssurdfk irufhg xsrq wkh
ghvljqhu vkrxog qrw eh xqghuhvwlpdwhg/ dqg pljkw hyhq eh dq dvvhw dv dq
hvvhqwldo sduw ri wkh vdihw| dvvhvvphqw qhhghg lq pdq| lqgxvwuldo ghvljqv1

H{shulhqfh iurp dsso|lqj idxow sursdjdwlrq dqdo|vlv wr odujhu v|vwhpv vkrz
wkdw zh pljkw qhhg wr lqfoxgh rffxuuhqfh ri rqh idxow dqg wkh qrq0rffxuuhqfh

ri dqrwkhu lq wkh ghvfulswlrq ^9`1 Wklv phdqv h{whqglqj il wr
�

il>�il
�W

lq wkh
deryh h{suhvvlrqv1

7 Vwuxfwxudo Dqdo|vlv

Wkh vwuxfwxudo prgho ri d v|vwhp/ vhh ^68` dqg ^43`/ lv d gluhfwhg judsk wkdw
uhsuhvhqwv wkh uhodwlrqv ehwzhhq v|vwhp yduldeohv dqg sdudphwhuv +nqrzq dqg
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xqnqrzq,/ dqg wkh g|qdplf htxdwlrqv +frqvwudlqwv, wkdw ghvfuleh wkh v|vwhp
ehkdylru1 Dqdo|vlv ri wkh v|vwhp0vwuxfwxuh judsk zloo uhyhdo dq| v|vwhp uh0
gxqgdqf|/ dqg sduwlfxodu vxe0v|vwhpv fdq eh lghqwl�hg zklfk fdq eh h{sorlwhg
wr rewdlq idxow0wrohudqfh1

714 Vwuxfwxudo prgho

Ohw I @ ii4> i5> ==ipj eh wkh vhw ri wkh frqvwudlqwv zklfk uhsuhvhqw wkh v|vwhp
prgho dqg ] @ i}4> }5> ==}qj wkh vhw ri wkh yduldeohv dqg sdudphwhuv1 Zlwk
N wkh vxevhw ri wkh nqrzq dqg [ wkh vxevhw ri wkh xqnqrzq hohphqwv lq ]>
] @ N^[1 ] lv doorzhg wr frqwdlq wlph ghulydwlyhv/ vr wkdw g|qdplf v|vwhpv
dv zhoo dv vwdwlf rqhv fdq eh ghvfulehg e| wkhlu vwuxfwxuh1

Gh�qlwlrq 44 Wkh vwuxfwxuh judsk ri d v|vwhp lv d elsduwlwh judsk +I>]>D,
zkhuh hohphqwv lq wkh vhw ri dufv D � I �] duh gh�qhg e| = +il> }m, 5 D l� wkh
frqvwudlqw il dssolhv wr wkh yduldeoh ru sdudphwhu }m/ + il 5 I zlwk l @ 4> ===p
dqg }m 5 ] zlwk m @ 4> ===q,=

Wkh vwuxfwxuh0judsk lv wkxv d gluhfwhg judsk dqg lw kdv wkh surshuw| ri
ehlqj elsduwlwh 1 D judsk lv elsduwlwh +vhh ^48`, li lwv yhuwlfhv fdq eh vhsdudwhg
lqwr wzr glvmrlqw vhwv I dqg ] lq vxfk d zd| wkdw hyhu| hgjh kdv rqh hqgsrlqw
lq I dqg wkh rwkhu lq ]1

Gh�qlwlrq 45 D vxe0v|vwhp lv d sdlu +!>T+!,,/ zkhuh ! 5 S+I , lv d vxevhw
ri I> dqg T lv gh�qhg e|

T = S+I ,$ S+],>
!$ T+!, @ i}m m <il 5 ! vxfk wkdw +il> }m, 5 Dj

Lq wklv gh�qlwlrq/ d vxe0v|vwhp lv dq| vxevhw ri wkh v|vwhp frqvwudlqwv !
dorqj zlwk wkh uhodwhg yduldeohv T+!, 5 ]= Wkhuh duh qr vshfl�f uhtxluhphqwv
wr wkh fkrlfh ri wkh hohphqwv lq != S+I , lv wkh vhw ri wkh vxevhwv ri I dqg
lw frqwdlqv doo srvvleoh vxe0v|vwhpv1 Wkh vxe0judsk wkdw lv uhodwhg wr d vxe0
v|vwhp lv wkh vwuxfwxuh ri wkh vxe0v|vwhp/ +!>T+!,,=

Vxe0v|vwhpv duh xvhg wr �qg dowhuqdwh sdwkv wkurxjk d vwuxfwxuh0judsk1
Zkhq d idxow rffxu zh qhhg wr h{sorlw dowhuqdwlyh zd|v wr dffhvv d�hfwhg
yduldeoh+v, {i 5[ wkdq wkurxjk wkh idxow| frqqhfwlrq ii 1Wkh ghvljq wdvn lv wr
h{suhvv {i wkurxjk dowhuqdwlyh vxev|vwhp+v, dqg hyhqwxdoo| wkurxjk dvvrfldwhg
nqrzq yduldeoh+v,/ lq N= Wklv phdqv wr h{sorlw dqdo|wlf uhgxqgdqf| uhodwlrqv
lq wkh v|vwhp1

715 Pdwfklqj rq d vwuxfwxuh0judsk dqg fdqrqlfdo ghfrp0

srvlwlrq

Wkh vhw ri frqvwudlqwv lv vhsdudwhg lq IN > wkrvh wkdw dsso| rqo| wr nqrzq
yduldeohv/ dqg I[ / zklfk dsso| wr xqnqrzq hohphqwv lq ]/ I @ IN ^ I[
1 Zh duh lqwhuhvwhg lq wkh dqdo|vlv ri wkh vxe0judsk J+I[ >[>D[, lq rughu



43

wr ghwhuplqh zklfk dqdo|wlf uhgxqgdqf| uhodwlrqv h{lvw wkdw fdq khos dffhvv
d sduwlfxodu xqnqrzq yduldeoh1 Li uhgxqgdqw vxe0judskv duh dydlodeoh/ wkhq
wkh sduwlfxodu yduldeoh frxog eh revhuyhg ru frqwuroohg yld wkh uhgxqgdqw sdwk
vkrxog d idxow rffxu lq wkh rwkhu1

Gh�qlwlrq 46 Ohw d 5 D[ > I +d, 5 I[ dqg [+d, 5 [/ vxfk wkdw d @
+I +d,> [+d,,1 D pdwfklqj P lv d vxevhw ri D[ vxfk wkdw =
;d dqg e 5P>I +d, 9@ I +e, dqg [+d, 9@ [+e,1
D frpsohwh pdwfklqj rq I[ = ;i 5 I[ <{ 5 [ vxfk wkdw +i> {, 5P
D frpsohwh pdwfklqj rq [= ;{ 5 [ <i 5 I[ vxfk wkdw +i> {, 5P 1

Wkhruhp 4 ^44`Dq| elsduwlwh judsk ri �qlwh h{whuqdo glphqvlrq fdq eh xqltxho|
ghfrpsrvhg lqwr wkuhh vxe0judskv=

� J. @ +I.> [.> D., vxfk wkdw T+I., @ [.dqg d frpsohwh pdwfklqj
h{lvwv rq [. exw qrw rq I.1

� J@ @ +I@> [@> D@, vxfk wkdw T+I@, @ [@^[. dqg d frpsohwh pdwfk0
lqj h{lvwv rq [@ dv zhoo dv rq I@1

� J� @ +I�>[�> D�, vxfk wkdw T+I�, @ [�^[@^[. dqg d frpsohwh
pdwfklqj h{lvwv rq I� exw qrw rq [�1

716 Lqwhusuhwdwlrq iru gldjqrvlv

� J. lv wkh ryhu0frqvwudlqhg +uhgxqgdqw, vxe0v|vwhp/ l1h1 mI.m A m[.m1
Iru vroxwlrqv [. wr h{lvw/ frpsdwlelolw| frqglwlrqv kdyh wr krog/ zklfk
duh wkh v|vwhp dqdo|wlf uhgxqgdqf| uhodwlrqv +DUU,1 Wkh| fdq eh h{0
suhvvhg xvlqj rqo| wkh nqrzq v|vwhp yduldeohv1 Wkh yduldeohv [. duh
wkxv dffhvvleoh dqg wkh v|vwhp frpsrqhqwv zkrvh frqvwudlqwv ehorqj wr
IN ^ I. duh prqlwrudeoh1

� J@ lv wkh mxvw0frqvwudlqhg vxe0v|vwhp/ l1h1 mI@m @ m[@m1 [@ fdq eh
frpsxwhg dv d ixqfwlrq ri wkh nqrzq yduldeohv/ exw qr uhgxqgdqf| h{0
lvwv1 Wkh yduldeohv [@ duh revhuydeoh exw wkh v|vwhp frpsrqhqwv zkrvh
frqvwudlqwv ehorqj wr I@ duh qrw prqlwrudeoh1

� J� lv wkh xqghu0frqvwudlqhg vxe0v|vwhp/ dqg mI�m ? m[�m = Wkhuh lv qrw
hqrxjk htxdwlrqv iru wkh frpsxwdwlrq ri [�1 Qhlwkhu duh wkh yduldeohv
[� revhuydeoh qru duh wkh frpsrqhqwv zkrvh frqvwudlqwv ehorqj wr I�

prqlwrudeoh1

717 Uhgxqgdqf| Uhodwlrqv dqg Fdxvdolw|

Iurp wkh pdwfklqj gh�qlwlrq/ hdfk sdlu d @ +I +d,> [+d,, fdq eh lqwhusuhwhg
dv iroorzv = [+d, lv d frqvhtxhqfh ri wkh frqvwudlqw I +d, lq zklfk doo wkh
yduldeohv T+I +d,, h{fhsw [+d, zrxog kdyh ydoxhv lpsrvhg iurp wkh uhvw ri
wkh v|vwhp dqg wkh hqylurqphqw1 Krzhyhu/ qrw doo pdwfklqj fdq uhfhlyh wklv
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Iljxuh 4= Idxow wrohudqw frqwuro v|vwhpv duh k|eulg e| qdwxuh1 Wkh g|qdplfv
ri wkh sodqw lv lq xhqfhg e| prgh fkdqjhv ts/ wkh frqwuroohu e| tf= �i ghqrwh
idxow hyhqwv/ �d frqwuro hyhqwv1 Sodqw lqwhuqdo hyhqwv duh �s=

qlfh lqwhusuhwdwlrq/ dqg wkh vhw ri wkh srvvleoh fdxvdolw| dvvljqphqwv +fdxvdo
pdwfklqj, lv rqo| d vxe0vhw ri wkh srvvleoh pdwfklqj1 Xvlqj fdxvdo pdwfklqj/
wkh dqdo|wlf uhgxqgdqf| uhodwlrqv dsshdu rq wkh vwuxfwxudo judsk dv dowhuqdwhg
fkdlqv/ pdnlqj lw hdv| wr ghvljq wkh sdulw| uhodwlrqv xvhg iru idxow gldjqrvlv1
Pruhryhu/ d fdxvdo judsk fdq eh dvvrfldwhg zlwk hdfk fdxvdo pdwfklqj rq d
vwuxfwxudo judsk / surylglqj vwuxfwxudo wrrov iru dodup �owhulqj dqg uhfrq�j0
xudelolw| dqdo|vlv ^67`1

Wkh vwuxfwxudo dssurdfk fdq wkxv wuhdw wkh doo lvvxhv ri sulqflsdo lqwhuhvw
uhjduglqj uhgxqgdqf| iru vhqvlqj dqg dfwxdwlrq srvvlelolwlhv lq d sodqw1

8 Uhfryhudelolw|

D idxow lv d glvfuhwh hyhqw wkdw dfwv rq d v|vwhp dqg e| wkdw fkdqjhv vrph ri wkh
surshuwlhv ri wkh v|vwhp1 Wkh jrdo ri idxow0wrohudqw frqwuro lv lq wxuq wr uhvsrqg
wr wkh rffxuuhqfh ri d idxow vxfk wkdw wkh idxow| v|vwhp vwloo lv zhoo ehkdyhg1
Wklv lv dfklhyhg e| dffrpprgdwlrq ri wkh idxow ru e| uhfrq�jxudwlrq1 Gxh wr
wkhvh glvfuhwh qdwxuh ri idxow rffxuuhqfh dqg uhfrq�jxudwlrq/ IWF v|vwhpv duh
k|eulg lq qdwxuh1 Wklv lv looxvwudwhg lq �jxuh 4 zkhuh �i ghqrwhv idxow hyhqwv/
�d ghqrwhv frqwuro hyhqwv uhfrq�jxulqj wkh v|vwhp dqg tf ghqrwhv wkh frqwuro
prgh zklfk vhohfwv d frqwuro odz1 Wkh dfwxdo sk|vlfdo prgh ts ri wkh sodqw
p| eh ylhzhg dv wkh glvfuhwh vwdwh ri dq dxwrpdwrq zklfk lv gulyhq e| sodqw
lqwhuqdo hyhqwv �s/ wkh idxow hyhqwv �i dqg wkh frqwuro hyhqwv �d1

Wkh dqdo|vlv ri wkh ehkdylru ri idxow wrohudqw frqwuro v|vwhp lv qrw wulyldo
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^45`1 Iru wkh ghvljq ri idxow wrohudqw frqwuro v|vwhpv wkh k|eulg qdwxuh lv
xvxdoo| qhjohfwhg dqg wkh irfxv olhv zlwk idxow ghwhfwru ghvljq dqg vhohfwlrq ri
uhphgldo dfwlrq 1 D srsxodu h{dpsoh lq fdvh ri d vhqvru idxow lv wr uhfrqvwuxfw
wkh ydoxh ri d idxow| vhqvru e| phdqv ri dq revhuyhu dq ohdyh wkh dfwxdo frqwuro
odz xqfkdqjhg +vhh h1j1 ^73`/ ^8`,1

814 Txdolw| Phdvxuhv iru Uhfryhu|

Krzhyhu/ li zh qhjohfw wkh wlph dqg ehkdylru ri wkh v|vwhp ehwzhhq idxow
rffxuuhqfh dqg v|vwhp dqg2ru frqwuroohu uhfrq�jxudwlrq/ lw lv hdv| wr vhh wkdw
zkhwkhu d v|vwhp fdq eh uhfryhuhg iurp d idxow ru qrw lv qrw sulpdulo| d
txhvwlrq ri fohyhu frqwuroohu ghvljq exw ri wkh surshuwlhv ri wkh uhfrq�jxuhg
idxow| v|vwhp1 Pruhryhu/ wkh h{whqw wr zklfk wkh ixqfwlrqdolw| ri d v|vwhp fdq
eh uhfryhuhg iurp d idxow ghshqgv rq krz pxfk frqwuro ryhu wkh v|vwhp lv vwloo
dydlodeoh dqg krz pxfk vwdwh ru rxwsxw lqirupdwlrq fdq eh vwloo rewdlqhg1

81414 Txdolw| lqglfdwruv

Wkh uhfrq�jxudwlrq sureohp zdv gh�qhg dv wkh vroxwlrq ri wkh frqwuro sureohp

? R>	> � >X A zkhuh +	> �, 5
�

+V>�,
�

�

�
+aV> a�,

�

1 Wkh frqwuro sureohp lv vroyhg

e| vdwlvi|lqj wkh frqwuro remhfwlyh/ riwhq h{suhvvhg wkurxjk dq lqglfdwru M 1
Gl�huhqw vwuxfwxudo dowhuqdwlyhv fdq wkhq eh frpsduhg wkurxjk wkh dfklhydeoh
ydoxh ri wkh lqglfdwru dvvrfldwhg zlwk wkh sduwlfxodu vwuxfwxuh/

M{+	> �, @ plq
x5X

M+R>	> � >X, +8,

Li d olplw Md h{lvwv iru vroxwlrqv wr eh dgplvvleoh/ M @ iM{+	> �,mM{+	> �, ? Mdj/
wkhq wkh fduglqdolw| ri M uhsuhvhqwv wkh qxpehu ri dgplvvleoh uhfrq�jxudwlrq
vroxwlrqv/ vhohfwhg rxw ri d srvvleo| odujhu vhw wkdw kdv wkh qhfhvvdu| vwuxfwxudo
surshuwlhv1 Lq prgho suhglfwlyh frqwuro/ wkh rswlpdo M lv irxqg dqg wkh dvvrfl0
dwhg frqwuroohu vhohfwhg iru xvh diwhu idxow gldjqrvlv kdv surylghg dq dvvhvvphqw
ri wkh vwuxfwxuh dqg sdudphwhuv ri wkh idxow| v|vwhp1

Wkh fdofxodwlrq ri M{ pd| eh txlwh khdy| vlqfh wkh frpsohwh forvhg orrs
rswlpl}dwlrq sureohp lv vroyhg iru hdfk ri wkh srvvleoh uhfrq�jxudwlrqv1 Phd0
vxuhv ri wkh frqwuro hqhuj| qhhghg wr fkdqjh d sduwlfxodu vwdwh iurp rqh ydoxh
wr dqrwkhu frxog dovr eh xvhixo/ dqg vlpsohu wr fdofxodwh1 D vlplodu phdvxuh
ri rxwsxw revhuydwlrq frxog h{suhvv wkh hdvh zlwk zklfk phdvxuhphqwv frxog
eh uhfrqvwuxfwhg1 Wklv dujxphqwdwlrq ohdgv wr wkh gh�qlwlrq ri d txdolw| phd0
vxuh iru uhfryhu| xvlqj wkh xqghuo|lqj v|vwhp surshuwlhv frqwuroodelolw| dqg
revhuydelolw|1

Frqvlghu d vhw ri v|vwhpv V+ti > tf, sdudphwhul}hg e| wkh frq�jxudwruv ti
dqg tf +l1h1 ts @ +td> ti ,1 Wkdw lv V+B>B, uhsuhvhqwv wkh qrplqdo idxow iuhh
v|vwhp/ V+ti >B, uhsuhvhqwv wkh v|vwhp diwhu rffxuuhqfh ri wkh idxow hyhqw dqg
V+ti > tf, ghqrwhv wkh idxow| v|vwhp diwhu dffrpprgdwlrq2uhfrq�jxudwlrq1
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81415 Phdvxuhv edvhg rq Judpldqv

Olqhdu phdvxuhv ri txdolw| uhtxluh d olqhdul}hg v|vwhp ghvfulswlrq1 Frqvlghu
wkhuhiruh wkh olqhdu wlph lqyduldqw +idxow|, v|vwhp V+tf> ti , jlyhq e|

b{+w, @ D+tf> ti ,{+w, .E+tf> ti ,x+w,
|+w, @ F+tf> ti ,{+w, .G+tf> ti ,x+w,

+9,

Ohw xv pruh forvho| vwxg| vhqvru dqg dfwxdwru idxowv1 Ghwhuplqlqj wkh lq0
 xhqfh ri d plvvlqj idxow| vhqvru ru dfwxdwru rq wkh v|vwhpv*v rshudelolw| lv
d txhvwlrq dovr vwxglhg lq frqqhfwlrq zlwk wkh vhohfwlrq ri dfwxdwruv dqg vhq0
vruv vhh h1j1 ^53`,1 Zkloh iru wkh fodvvlfdo vhqvru2dfwxdwru vhohfwlrq sureohp
wkh jrdo lv wr lghqwli| dqg uhpryh wkrvh ri plqru ru qhduo| lghqwlfdo lq xhqfh1
Idxow wrohudqw frqwuro dlpv dw uhwdlqlqj vrph ri wkh uhgxqgdqw vhqvruv dqg
dfwxdwruv1 ^63` xwlol}h phdvxuhv iru wkh ghjuhh ri revhuydelolw|1 dqg frqwurood0
elolw|1 Wkhvh phdvxuhv pd| dovr eh xwlol}hg wr eh dq lqglfdwru iru wkh txdolw|
ri wkh uhfryhudelolw|1 Wkh phdvxuhv ri fkrlfh duh wkh revhuydelolw| judpldq

Zr+V, @

] 4

3

hD
W wFWFhDwgw +:,

dqg vlploduo| iru wkh frqwuroodelolw|

Zf+V, @

] 4

3

EW hD
W

hDwEgw +;,

Judpldqv zklfk doorz wr lghqwli| gluhfwlrq lq vwdwh vsdfh ri gl�huhqw ghjuhh ri
frqwuroodelolw| dqg revhuydelolw| +dvvxplqj dq dghtxdwh qrq0glphqvlrqdolvdwlrq
ri wkh v|vwhp*v vwdwhv/ lqsxwv/ dqg rxwsxwv,1 Wklv phdqv/ iru vrph qrq0
glphqvlrqdolvhg vwdwh {3 / wkh txdqwlw| {W3Zr{3 uhsuhvhqwv wkh revhuydwlrq
�hqhuj|� rewdlqhg iurp wklv vwdwh1 Iru dq| {/ zklfk lv d xqlw ohqjwk hljhq0
yhfwru/ wkh rewdlqhg revhuydwlrq hqhuj| lv ghwhuplqhg e| wkh fruuhvsrqglqj
hljhqydoxh1 Dq xqrevhuydeoh gluhfwlrq surylghv }hur revhuydwlrq hqhuj|1 Wkh
idfw wkdw wkh pdwul{ ghwhuplqdqw frpelqhv lqirupdwlrq derxw doo hljhqydoxhv/
prwlydwhv wkh iroorzlqj txdolw| lqglfdwru iru phdvxuhphqw uhfryhu|

�r+tf> ti , @
q

v

mZr+V+tf> ti ,,m

mZr+V+B>B,,m
+<,

zkhuh wkh qwk urrw vhuyhv wr pdnh wkh phdvxuh lqghshqghqw ri wkh v|vwhp
glphqvlrq q1

Iru looxvwudwlrq/ frqvlghu d v|vwhp zlwk wzr htxlydohqw vhqvruv1 Li rqh vhqvru
idlov/ dqg rshudwlrq lv frqwlqxhg zlwk d vlqjoh vhqvru/ �r+tf> ti , @ 4

5 = Lq wklv
ghwhuplqlvwlf iudphzrun/ wkhuh lv qr gl�huhqfh ehwzhhq wkh wzr vhqvruv1 Wkh
ydoxh 4

5 lqglfdwhv d kdughu vwdwh hvwlpdwlrq sureohp1 Qrwh wkdw �r+tf> ti , @ 3
li wkh v|vwhp lv qrw uhfryhudeoh iurp wkh idxow ti e| wkh uhfrq�jxudwlrq tf1

Vlplodu dujxphqwv ohdg wr wkh gh�qlwlrq

�f+tf> ti , @
q

v

mZf+V+tf> ti ,,m

mZf+V+B>B,,m
+43,
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dv d txdolw| lqglfdwru iru frqwuro uhfryhu| diwhu dq dfwxdwru idxow1
Erwk phdvxuhv Ht143 dqg Ht1< dvvxph wkdw V+B>B, lv frqwuroodeoh dqg

revhuydeoh1 Li wklv lv qrw wkh fdvh/ wkh phdvxuh vkrxog eh dssolhg wr wkh
revhuydeoh ru frqwuroodeoh vxevsdfhv/ rqo|1

Wkh frqvhtxhqfh ri d }hur phdvxuh ri Ht143 lv wkdw d forvhg0orrs revhuyhu
fdq qrw eh ghvljqhg1 Qhyhuwkhohvv/ dq rshq0orrs vroxwlrq pd| vwloo h{lvw iru
xvh dv d vkruw0whup uhsodfhphqw vljqdo iru d idlohg vhqvru / ^5`1

815 Frpelqhg Dqdo|vlv

Wkh deryh phdvxuhv doorz wr dvvhvv d v|vwhp*v uhfryhudelolw| iru d vshfl�f
vlwxdwlrq1 Hvshfldoo| gxulqj wkh ghvljq skdvh ri d IWF v|vwhp d vwuxfwxudo
dqdo|vlv +vhh dovr ^67`, pd| khos wr �qg vxlwdeoh orfdwlrqv iru uhgxqgdqw vhqvruv
ru dfwxdwruv1 Khuh wrr/ zh hqfrxqwhu txhvwlrqv yhu| forvho| uhodwhg wr txhvwlrq
lq wkh ghvljq ri frqwuro v|vwhpv +vhh h1j1 ^5<`,1

Wkh vwuxfwxuh ri d v|vwhp +Ht19, pd| eh uhsuhvhqwhg e| d judsk ru d
vwuxfwxudo pdwul{ ^55` dv vkrzq lq Iljxuh 51 D v|vwhp +D+tf> ti ,>E+tf> ti ,, lv
vwuxfwxudoo| frqwuroodeoh l� ^47`

41 hdfk vwdwh qrgh lv dffhvvleoh iurp dw ohdvw rqh frqwuro qrgh

51 wkh jhqhulf udqn ri wkh vwuxfwxudo pdwul{ +D+tf> ti , E+tf> ti ,, lv q1

Ghwhuplqlqj vwuxfwxudo revhuydelolw| lv wkh gxdo sureohp1 D v|vwhp lv
wkxv +vwuxfwxudoo|, uhfryhudeoh li lw uhpdlqv vwuxfwxudoo| frqwuroodeoh dqg vwuxf0
wxudoo| revhuydeoh1 Frqvlghu wkh h{dpsoh lq Iljxuh 51 Wklv v|vwhp lv +vwuxf0
wxudoo|, uhfryhudeoh iurp idxow lq dfwxdwru x5 exw qrw lq x4 Wklv lv ghwhuplqhg
iurp wkh vwuxfwxudo frqwurodelolw|1 Zlwk d idxow lq x5/zh jhw wkh udqn @ 5
pdwul{

+D>E, @

3

C

{ { 3
{ { 3
{ { {

>
3
3
{

4

D +44,

zkhuhdv wkh idxow lq x4jlyhv d pdwul{ zlwk udqn @ 6/ wkxv vkrzv vwuxfwxudo
frqwuroodelolw| ri wkh v|vwhp/

+D>E, @

3

C

{ { 3
{ { 3
{ { {

>
{
3
3

4

D +45,

Qrwh wkdw vwuxfwxudo uhfryhudelolw| surylghv d vwurqjhu qhjdwlyh uhvxow wkhq
deryh phdvxuhv lq wkh vhqvh wkdw li d v|vwhp lv +vwuxfwxudoo|, qrq uhfryhu0
deoh iurp d idxow wkhq lw lv qrq uhfryhudeoh iru dq| uhdol}dwlrq ri wkh v|vwhp
+D+tf> ti ,>E+tf> ti ,,1 E| wklv lw lv zhoo vxlwhg iru uxolqj rxw lqh�hfwlyh uhgxq0
gdqf| dowhuqdwlyhv1
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Iljxuh 5= Vwuxfwxudo uhsuhvhqwdwlrqv ri d g|qdplfdo v|vwhp duh wudglwlrqdoo|
xvhg iru vwxg|lqj vwuxfwxudo revhuydelolw| dqg frqwuroodelolw|1 Wkh| fdq dovr
eh xvhg wr dvvhvv vwuxfwxudo uhfryhudelolw| zkhq zh nqrz krz d idxow d�hfwv
D dqg E1

81514 Ixqfwlrqdo frqwuroodelolw|

Iru pdq| frqwuro dssolfdwlrqv/ vwdwh frqwuroodelolw| dqg revhuydelolw| duh qrw
ri sulph lpsruwdqfh dqg rqh lv udwkhu frqfhuqhg zlwk frqwuroodelolw| fkdudf0
whul}dwlrq ri wkh lqsxw2rxwsxw1 Ixqfwlrqdo frqwuroodelolw| ^65` dgguhvvhv wklv
txhvwlrq1 D v|vwhp lv fdoohg ixqfwlrqdo frqwuroodeoh li iru d �vxlwdeoh� rxwsxw
yhfwru |+w, gh�qhg iru w A 3 wkhuh h{lvwv d yhfwru x+w, zklfk jhqhudwhv wkh
rxwsxw yhfwru |+w, iurp wkh lqlwldo frqglwlrq { @ 3 zkhuh vxlwdeoh uhihuv wr
vrph vprrwkqhvv dqg Odsodfh wudqvirupdelolw| frqglwlrqv1

D v|vwhp zlwk wkh wudqvihu ixqfwlrq J+v, lv ixqfwlrqdoo| frqwuroodeoh l�

41 m �J+v,m 9@ 3

zkhuh �J+v, lv d sduw ri J+v, ri glphqvlrq glp+|+w,,�glp+|+w,,1 Qrwh wkdw
wklv lpsolhv glp+x+w,, � glp+|+w,,1 Fohduo| wkh v|vwhp lv ixqfwlrqdoo| uhfry0
hudeoh iurp wkh idxow ti e| wkh uhfrq�jxudwlrq tf l� wkhuh h{lvwv d Jtf>ti +v,

vxfk wkdw m �Jtf>ti +v,m 9@ 3 ri glphqvlrq glp+|+w,,� glp+|+w,,1

816 Frqvhtxhqfhv iru IWF

Lq wklv vhfwlrq zh zloo vkrz wkdw wklv uhfryhudelolw| frqfhsw lv lqghhg d v|vwhp
surshuw| zlwk lpphgldwh frqvhtxhqfhv iru idxow wrohudqw frqwuro1

81614 Uhfrqvwuxfwlrq ri phdvxuhphqwv

D vwudwhj| zklfk lv vrphwlphv frqvlghuhg dv d uhphgldo dfwlrq wr d vhqvru
idxow lv wr uhfrqvwuxfw wkh plvvlqj phdvxuhphqw/ xvlqj wklv lqvwhdg ri wkh
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ruljlqdo phdvxuhphqw zlwk wkh h{lvwlqj frqwuro odz ^73` dqg ^8`1 Krzhyhu/
wklv pljkw qrw dozd|v eh srvvleoh1 Iluvw/ lw pxvw eh srvvleoh wr uhfrqvwuxfw
wkh plvvlqj phdvxuhphqw iurp wkh uhpdlqlqj phdvxuhphqwv1 Rwkhuzlvh/ wkh
vwudwhj| ohdgv wr rshq orrs frqwuro ri fhuwdlq prghv/ zklfk frxog rqo| eh d
vkruw wlph uhphgldo dfwlrq1

D phdvxuhphqw ri d idxow| vhqvru fdq eh uhfrqvwuxfwhg iurp wkh uhpdlqlqj
phdvxuhphqwv li dqg rqo| li wkh v|vwhp lv uhfryhudeoh iurp wkdw vhqvru idxow1
Wr vkrz wklv/ frqvlghu wkh jhqhudol}hg hljhqyhfwru ghfrpsrvlwlrq ri wkh v|vwhp
dqg zulwh=

|l+w, @ fl{+w, @ fl

q
[

m@4

�m+w,tm @
q
[

m@4

�m+w,fltm

zkhuh |l lv wkh phdvxuhphqw wr eh uhfrqvwuxfwhg/ tm duh wkh hljhqyhfwru gluhf0
wlrqv ri wkh v|vwhp/ �m+w, wkh wlph hyroxwlrq dorqj wkhvh gluhfwlrqv dqg q wkh
glphqvlrq ri wkh vwdwh vsdfh ri wkh v|vwhp1

Wr vkrz wkdw uhfryhudelolw| lv vx!flhqw qrwh wkdw doo gluhfwlrqv tm iru zklfk
fltm 9@ 3 frqwulexwh wr wkh phdvxuhphqw |l1 Li wkh v|vwhp lv uhfryhudeoh iurp
wkh idloxuh ri vhqvru l wkhvh gluhfwlrqv uhpdlq revhuydeoh dqg wkxv |l+w, fdq eh
uhfrqvwuxfwhg1

Rq wkh rwkhu kdqg= Li wkh v|vwhp lv qrw uhfryhudeoh lw orrvhv revhuydelolw|
+vhqvru idxow,1 Wkh gluhfwlrq+v, tm iru zklfk revhuydelolw| lv orvw zdv revhuydeoh
lq frpelqdwlrq zlwk vhqvru l dqg wkxv fltm 9@ 31 Wkdw lv wkh xqrevhuydeoh
gluhfwlrq tm zrxog eh qhhghg wr uhfrqvwuxfw wkh rxwsxw |l1

Wklv edvlfdoo| phdqv wkdw wkhuh duh gluhfwlrqv wkdw duh rqo| revhuydeoh lq
frpelqdwlrq zlwk wkh rxwsxw |l dqg wkhuhiruh fdq qrw eh uhfrqvwuxfwhg li |l lv
plvvlqj1

9 Dxwrqrprxv Vxshuylvlrq

Dxwrqrprxv vxshuylvlrq uhtxluhv ghyhorsphqw dqg lpsohphqwdwlrq revhuylqj
frpsohwhqhvv dqg fruuhfwqhvv txdolwlhv1 Lw lv lpsruwdqw wkdw wkh ghvljq ri d
vxshuylvhg frqwuro v|vwhp iroorzv d prgxodu dssurdfk/ zkhuh hdfk ixqfwlrqdo0
lw| fdq eh ghvljqhg/ lpsohphqwhg/ dqg whvwhg lqghshqghqwo| ri wkh uhpdlqlqj
v|vwhp1 Wkh dojrulwkpv wkdw uhdol}h wkh vxshuylvru| ixqfwlrqdolw| frqvwlwxwh
wkhpvhoyhv dq lqfuhdvhg ulvn iru idloxuhv lq vriwzduh/ vr wkh ryhudoo uholdelo0
lw| fdq rqo| eh lpsuryhg li wkh vxshuylvru| ohyho lv devroxwho| wuxvwzruwk|1
Jhqhudo ghvljq sulqflsohv zhuh wuhdwhg lq ^7`/ ghyhorsphqw phwkrgv zhuh lp0
suryhg dqg dq lpsohphqwdwlrq ghprqvwudwhg lq d vdwhoolwh dssolfdwlrq lq ^9`1
D vhyhq0vwhs ghvljq surfhgxuh zdv vkrzq wr ohdg wr dq vljql�fdqwo| lpsuryhg
orjlf ghvljq frpsduhg wr zkdw zdv rewdlqdeoh e| frqyhqwlrqdo dg0krf phwk0
rgv1 Wkh ghvljq ri wkh dxwrqrprxv vxshuylvru zdv wkh vxemhfw lq ^4<` zkhuh
wkh FRV\ vkls sursxovlrq ehqfkpdun zdv wkh pdlq h{dpsoh ^4;`1 D vriwzduh
dufklwhfwxuh iru idxow0wrohudqw surfhvv frqwuro zdv vxjjhvwhg lq ^57`1
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Wkh h{shulhqfh iurp wkh deryh vwxglhv zdv wkdw ghvljq ri dq dxwrqrprxv
vxshuylvru uholhv khdylo| rq kdylqj dq dssursuldwh dufklwhfwxuh wkdw vxssruwv
fohdu doorfdwlrq ri phwkrgv wr gl�huhqw vriwzduh wdvnv1 Wklv lv fuxfldo iru erwk
ghyhorsphqw dqg yhul�fdwlrq1 Wkh odwwhu lv ylwdo vlqfh whvw ri wkh vxshuylvru
ixqfwlrqv lq dq dxwrqrprxv frqwuro v|vwhp lv d gdxqwlqj wdvn1

914 Dufklwhfwxuh

Wkh lpsohphqwdwlrq ri d vxshuylvru| ohyho rqwr d frqwuro v|vwhp lv qrw d wuly0
ldo wdvn1 Wkh dufklwhfwxuh vkdoo dffrpprgdwh wkh lpsohphqwdwlrq ri glyhuvh
ixqfwlrqv

� Vxssruw ri ryhudoo frruglqdwhg sodqw frqwuro lq gl�huhqw skdvhv ri wkh
frqwuroohg surfhvv> vwduw0xs/ qrupdo rshudwlrq/ edwfk surfhvvlqj/ hyhqw
wuljjhuhg rshudwlrq zlwk gl�huhqw frqwuro remhfwlyhv/ forvh0grzq1

� Vxssruw ri doo frqwuro prghv iru qrupdo rshudwlrq dqg prghv ri rshudwlrq
zlwk iruhvhhdeoh idxowv1

� Dxwrqrprxv prqlwrulqj ri rshudwlrqdo vwdwxv/ frqwuro huuruv/ surfhvv
vwdwxv dqg frqglwlrqv1

� Idxow gldjqrvlv/ dffrpprgdwlrq dqg uh0frq�jxudwlrq dv qhhghg1 Wklv lv
grqh dxwrqrprxvo|/ zlwk vwdwxv lqirupdwlrq wr sodqw0zlgh frruglqdwhg
frqwuro1

Wkhvh ixqfwlrqv duh dghtxdwho| lpsohphqwhg lq d vxshuylvru| vwuxfwxuh
zlwk wkuhh ohyhov lq wkh dxwrqrprxv frqwuroohu/ dqg frppxqlfdwlrq wr d sodqw0
zlgh frqwuro dv wkh irxuwk1 Wkh dxwrqrprxv vxshuylvlrq lv frpsrvhg ri ohyhov
5 dqg 6/ wdnlqj fduh ri idxow gldjqrvlv/ orjlf iru vwdwh frqwuro dqg h�hfwruv iru
dfwlydwlrq ru fdofxodwlrq ri dssursuldwh uhphgldo dfwlrqv1 Wklv lv looxvwudwhg lq
Iljxuh 6 wkdw vkrzv=

41 D orzhu ohyho zlwk lqsxw2rxwsxw dqg wkh frqwuro orrs1

51 D vhfrqg ohyho zlwk dojrulwkpv iru idxow gldjqrvlv dqg h�hfwruv wr idxow
dffrpprgdwlrq1

61 D wklug ohyho zlwk vxshuylvru orjlf1

71 D irxuwk od|hu zlwk sodqw0zlgh frqwuro dqg fr0ruglqdwlrq1

Wkh Frqwuro Ohyho lv ghvljqhg dqg whvwhg lq hdfk lqglylgxdo prgh wkdw lv
vshfl�hg e| gl�huhqw rshudwlrqdo skdvhv dqg gl�huhqw lqvwuxphqwdwlrq frq�j0
xudwlrqv1 Wkh plvfhoodqhrxv frqwuroohu prghv duh frqvlghuhg vhsdudwho| dqg lw
lv ohiw wr wkh vxshuylvru ghvljq wr jxdudqwhh vhohfwlrq ri wkh fruuhfw prgh lq
gl�huhqw vlwxdwlrqv1

Wkh Ghwhfwruv duh vljqdo surfhvvlqj xqlwv wkdw revhuyh wkh v|vwhp dqg
frpsduhv zlwk wkh h{shfwhg v|vwhp ehkdylru1 Dq dodup lv udlvhg zkhq dq
dqrpdo| lv ghwhfwhg1 Wkh H�hfwruv h{hfxwh wkh uhphgldo dfwlrqv dvvrfldwhg
zlwk idxow dffrpprgdwlrq2uhfrq�jxudwlrq1
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Iljxuh 6= Dxwrqrprxv vxshuylvru frpsulvhv idxow gldjqrvlv/ vxshuylvru orflf
dqg h�hfwruv/ wkh odwwhu wr fdu| rxw wkh qhfhvvdu| uhphgldo dfwlrqv zkhq idxowv
duh gldjqrvhg1 Wkh xsshu ohyho lv sodqw0zlgh frqwuro dqg rshudwru vxshuylvlrq1

915 Ghvljq Surfhgxuh

Zkhq wkh ohyho ri dxwrqrp| ehfrphv kljk dqg wkhuhe| ghpdqgv d kljkhu ohyho
ri uholdeoh rshudwlrq/ lw ehfrphv lqkhuhqwo| pruh frpsoh{ iru wkh ghvljqhu wr
fryhu doo srvvleoh vlwxdwlrqv dqg jxdudqwhh fruuhfw dqg frpsohwh rshudwlrq ^5;`/
^9`1

D v|vwhpdwlf ghvljq vwudwhj| zloo xvh wkh dqdo|vlv ri idxow sursdjdwlrq dqg
vwuxfwxuh dv edvlf hohphqwv=

41 Idxow sursdjdwlrq= D Idxow Sursdjdwlrq Dqdo|vlv ri doo uhohydqw vxe0
v|vwhpv lv shuiruphg dqg frpelqhg lqwr d frpsohwh dqdo|vlv ri wkh frq0
wuroohg v|vwhp1 Wkh hqg0h�hfwv ghvfuleh frqvhtxhqfhv rq wrs ohyho1 Wkh
IPHD vfkhphv iru frpsrqhqwv lv xvhg dv d edvlv wr idflolwdwh uhxvh ri
dffxpxodwhg nqrzohgjh derxw idxowv dqg idloxuhv1

51 Vhyhulw| dvvhvvphqw = Wkh wrs ohyho hqg0h�hfwv duh mxgjhg iru vhyhulw|1
Wkh rqhv zlwk vljql�fdqw lq xhqfh rq frqwuro shuirupdqfh/ vdihw| ru
dydlodelolw| duh vhohfwhg iru wuhdwphqw e| wkh dxwrqrprxv vxshuylvru1 D
uhyhuvh ghgxfwlrq ri wkh idxow sursdjdwlrq lv shuiruphg wr orfdwh wkh
idxowv wkdw fdxvh vhyhuh hqg0h�hfwv1 Wklv jlyhv d vkruw0olvw ri idxowv wkdw
vkrxog eh ghwhfwhg1

61 Vwuxfwxudo dqdo|vlv= V|vwhp vwuxfwxuh lv dqdo|}hg iru hdfk ri wkh vkruw0
olvwhg idxowv iurp vwhs 51 Wkh judsk phwkrg jlyhv d �|hv0qr� w|sh ri
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lqirupdwlrq zkhwkhu vx!flhqw uhgxqgdqf| lv dydlodeoh lq wkh v|vwhp wr
ghwhfw hdfk ri wkh vhohfwhg idxowv1

71 Srvvlelolwlhv iru IWF = Wkh srvvlelolwlhv wr rewdlq idxow0wrohudqfh duh frq0
vlghuhg1 Iru hdfk ri wkh vkruw0olvwhg idxowv/ wklv phdqv xwlol}h sk|vlfdo
uhgxqgdqf|/ wkhq dqdo|wlfdo uhgxqgdqf|1 Xvh wkh phdvxuhv ri uhfry0
hu| txdolw| lq olvwlqj wkh prvw surplvlqj fdqglgdwhv iru dffrpprgd0
wlrq2uhfryhu|1 Zkhwkhu wkh ruljlqdo frqwuro remhfwlyhv fdq eh phw zloo
qrw eh nqrzq dw wklv vwdjh ri ghvljq1

81 Vhohfw uhphgldo dfwlrqv= Wkh srvvlelolwlhv lq 7 duh ixuwkhu hoderudwhg1
Orrn lqwr hqdeolqj dqg glvdeolqj uhgxqgdqw xqlwv/ vhohfw dprqj srvvleoh
dffrpprgdwlrq ru uhfrq�jxudwlrq dfwlrqv1 Li wkh ruljlqdo frqwuro re0
mhfwlyhv fdq qrw eh phw/ kdqgolqj ri wkh sureohp e| d wkh vxshuylvlrq
ixqfwlrq pxvw eh frqvlghuhg1 Wkh dxwrqrprxv sduw ri vxshuylvlrq pxvw
dozd|v eh wr r�hu judfhixo ghjudgdwlrq dqg forvh grzq zkhq wklv lv qhf0
hvvdu| dv idoo0edfn1
Wkh uhphgldo dfwlrqv ghwhuplqh wkh uhtxluhphqwv iru idxow lvrodwlrq1 Lw lv
qrw qhfhvvdu| wr lvrodwh idxowv ehorz wkh ohyho zkhuh wkh idxow h�hfw surs0
djdwlrq fdq eh vwrsshg1 Zkhq uhfrq�jxudwlrq lv qhhghg/ dqg frpsohwh
lvrodwlrq fdq qrw eh dfklhyhg zlwklq wkh uhtxluhg wlph wr uhfrq�jxuh/
wkh vhw +	> �, zloo qhhg wr eh vhohfwhg dvvxplqj d zruvw0fdvh frqglwlrq

dprqj wkh vhw i aV> a�j> wkh dydlodeoh rxwsxw iurp wkh idxow gldjqrvlv1 Wkh
zruvw fdvh idxow lv rqh wkdw kdv wkh kljkhvw ghjuhh ri vhyhulw|1

91 Ghvljq ri uhphgldo dfwlrqv= Dfwlrqv duh ghvljqhg wr dfklhyh wkh uh0
txluhg idxow0wrohudqfh1 Wklv fdq lqyroyh vlpsoh vhohfwlrq ri frqwuro ohyho
dojrulwkpv/ hqdeolqj dqg glvdeolqj ri uhgxqgdqw kdugzduh/ ru dfwlyd0
wlrq2ghdfwlydwlrq2uhsodfhphqw ri wkh hqwluh frqwuroohu1 Dgydqfhg df0
frpprgdwlrq fdq uhtxluh frqwuroohu uhghvljq ru rswlpl}dwlrq1

:1 Idxow gldjqrvlv ghvljq= Wkh vwuxfwxuh lqirupdwlrq djdlq surylghv d olvw
ri srvvlelolwlhv1 Wkh uhfrq�jxudelolw| phdvxuh iru wkh idxow| v|vwhp lq0
glfdwhv krz gl!fxow uhfrqvwuxfwlrq zloo eh1

;1 Vxshuylvru orjlf= Vxshuylvru lqihuhqfh uxohv duh ghvljqhg xvlqj wkh lqiru0
pdwlrq derxw zklfk idxowv2h�hfwv duh ghwhfwhg dqg krz wkh| duh wuhdwhg1
Wkh dxwrqrprxv vxshuylvru ghwhuplqhv wkh prvw dssursuldwh dfwlrq iurp
wkh suhvhqw frqglwlrq dqg frppdqgv1 Wkh dxwrqrprxv vxshuylvru pxvw
eh ghvljqhg wr wuhdw prgh fkdqjhv ri wkh frqwuroohg surfhvv dqg dq|
ryhudoo2rshudwru frppdqgv1 Zruvw0fdvh frqglwlrqv dqg ryhudoo vdihw|
remhfwlyhv vkrxog kdyh sulrulw| zkhq ixoo lvrodwlrq ru frqwuroohu0uhghvljq
fdq qrw eh dffrpsolvkhg zlwklq wkh uhtxluhg wlph wr jhw zlwklq frqwuro
vshfl�fdwlrqv diwhu d idxow1

<1 Whvw = Vkrxog eh frpsohwh1 Wkh pdlq revwdfoh lv wkh frpsoh{lw| ri wkh
uhvxowlqj k|eulg v|vwhp frqvlvwlqj ri frqwuroohu dqg sodqw1 Wudqvlhqw
frqglwlrqv vkrxog eh fduhixoo| whvwhg1
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Wkhvh vwhsv duh iroorzhg wr pdnh wkh vxshuylvru ghvljq fkhdshu/ idvwhu/
dqg ehwwhu1 Wkh idxow fryhudjh lv wkhq +krshixoo|, dv frpsohwh dv srvvleoh/
ehfdxvh wkh ISD vwhs lq sulqflsoh lqfoxghv doo srvvleoh idxowv1 Wkh dqdo|vlv
lv prgxodu/ ehfdxvh vpdoo vxe0v|vwhpv duh wuhdwhg lqglylgxdoo|1 Ixuwkhupruh/
wkh vwudwhj| kdv wkh dgydqwdjh wkdw wkh v|vwhp lv dqdo|}hg rq d orjlfdo ohyho dv
idu dv srvvleoh ehiruh wkh oderulrxv mre ri pdwkhpdwlfdo prghoolqj dqg ghvljq
lv lqlwldwhg1 Wklv hqvxuhv wkdw vxshu xrxv dqdo|vlv dqg ghvljq duh dyrlghg1

: Dq H{dpsoh= Vkls Sursxovlrq

Wr looxvwudwh wkh phwkrgv ri dqdo|vlv/ zh frqvlghu d vkls sursxovlrq v|vwhp /
zklfk zdv gh�qhg dv d FRV\ ehqfkpdun rq idxow ghwhfwlrq dqg idxow0wrohudqw
frqwuro ^4;`/ ^4<`1

Wklv h{dpsoh frqvlghuv d vxevhw ri wkh ehqfkpdun wr looxvwudwh vhohfwhg
sduwv ri wkh ryhudoo dqdo|vlv1

:14 Frqvwudlqwv

Ghyhorshg wkuxvw dqg wrutxh duh ixqfwlrqv ri slwfk x5/ vkdiw vshhg {4 dqg vkls
vshhg {51

Phdvxuhphqwv duh

i4 = |4 @ {4
i5 = |5 @ {5
i6 = x4p @ x4
i7 = x5p @ x5

+46,

Glhvho hqjlqh dqg g|qdplf vkdiw htxdwlrq

i8 = N| @ N|>qrp

i9 = Thqj @ N|x4
i: = Lw b{4 @ �Tsurs .Thqj

+47,

Surshoohu dqg kxoo

i; = Tsurs @ Tqmqmm&m mx5m m{4m{4 .Tmqmx&x5 m{4m{5
i< = Wsurs @ Wmqmq&x5 m{4m{4 . Wqx{4{5

+48,

Vkls vshhg dqg kxoo uhvlvwdqfh/

i43 = p b{5 @ �U+{5, . +4� w,Wsurs
i44 = U+{5, @ [mxmx m{5m{5

+49,

Wkh gl�huhqwldov b{4 dqg b{5 duh wkh lqwhjudov ri {4 dqg {5/ uhvshfwlyho|1 Vlqfh
lqwhjudwlrq ri wkh ghulydwlyh fdq qrw ghwhuplqh wkh uhodwhg vwdwh yduldeoh/ gxh wr
xqnqrzq lqlwldo ydoxh/ wkh duurzv lq wkh vwuxfwxuh gldjudp duh xqlgluhfwlrqdo1

i45 = b{4 @
g
gw
{4

i46 = b{5 @
g
gw
{5

+4:,
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Iljxuh 7= Wkh v|vwhp0vwuxfwxuh judsk iru wkh vkls sursxovlrq h{dpsoh1 Frq0
vwudlqwv duh ixqfwlrqdo uhodwlrqv ehwzhhq sdudphwhuv dqg yduldeohv1

Wklv looxvwudwhv wkh gl�huhqfh ehwzhhq revhuydelolw| dqg fdofxodelolw|/ dv gh0
�qhg lq vwuxfwxuh dqdo|vlv1 Ilqdoo|/ sdudphwhuv duh dvvxphg nqrzq1 Doo vxfk
sdudphwhuv vkrxog kdyh lghqwlw| frqvwudlqwv dvvrfldwhg zlwk wkhp1 Iru euhylw|/
rqo| wzr duh vkrzq lq wkh Iljxuh/

i47 = Lw @ Lw>qrp
i48 = U+�, @ U +�,qrp

+4;,

Wkh frqwuro remhfwlyh lv wr rewdlq ghvluhg vkls vshhg zkloh phhwlqj frqvwudlqwv
rq wkh vkdiw*v dqjxodu vshhg1 Wkh v|vwhp*v vwuxfwxuh judsk lv vkrzq lq Iljxuh
BB

Wkh vkls ehqfkpdun ghdov zlwk vhyhudo idxowv1 Rqh ri wkrvh lv d vhqvru
idxow lq vkdiw vshhg phdvxuhphqw1 Wklv phdqv frqvwudlqw i4 lv ylrodwhg1 Wklv
h{dpsoh lqyhvwljdwhv zklfk uhgxqgdqf| uhodwlrqv h{lvw wr uhfrqvwuxfw wklv phd0
vxuhphqw1

:15 Dqdo|vlv ri Vwuxfwxuh

Zh �uvw revhuyh zklfk yduldeohv ehorqj wr wkh vhwv I +48 hohphqwv,/ [+45
hohphqwv, dqg N+: hohphqwv,=

I @ ii4> i5===i48j +4<,

N @ i|4> |5> xp4> xp5>N|>qrp> Lw>qrp> Uqrpj +53,

[ @ i{4> b{4> {5> b{5> x4> x5> Thqj> Tsurs> Wsurs>N|> Lw> U+�,j +54,
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Lw lv qrwhg wkdw IN @ > dv wkhuh lv qr gluhfw uhgxqgdqf| lq wklv v|vwhp1

D vwuxfwxudo dqdo|vlv ri wkh v|vwhp jlyhv wkdw wkh vhw D ri Gh�qlwlrq 44
frxog eh rughuhg dv rqh pdwul{ ri glphqvlrq +glp+I ,> +glp+[, . glp+N,,,1
Dowhuqdwlyho|/ lqglylgxdo hqwulhv duh olvwhg/ dqg vsduvh pdwul{ whfkqltxhv frxog
eh xvhg lq wkh dqdo|vlv/

D @ i+i4> |4,> +i4> {4,>
+i5> |5,> +i5> {5,>
+i6> x4p,> +i6> x4,>
+i7> x5p,> +i7> x5,>

+i8>N|,> +i8>N|>qrp,>
+i9> Thqj,> +i9>N|,> +i9> x4,>

+i:> Tsurs,> +i:> Thqj,> +i:> Lw,> +i:> q4,>
+i;> x5,> +i;> {4,> +i;> {5,> +i;> Tsurs,>
+i<> {5,> +i<> x5,> +i<> {4,> +i<> W surs,>
+i43> b{5,> +i43> U+{5,,> +i43> W surs,>

+i44> U,> +i44> {5,>
+i45> b{4,> +i45> {4,>
+i46> b{5,> +i46> {5,>

+i47> Lw,> +i47> Lw>qrp,>

+i48> U,> +i48> Uqrp,>j

+55,

Iurp Gh�qlwlrq 45/ wkh vhw ri vxe0v|vwhpv wkdw h{lvw/ frpsulvh vhwv ri vhohfwhg
frqvwudlqwv zlwk wkhlu dvvrfldwhg yduldeohv/ dqg frpelqdwlrqv ri vxfk vhwv/ duh

* @ i+i4> |4> {4, > ===> +i44>U+{5, > {5> Uqrp,> ==j +56,

^ i+i4> i5> |4> {4> |5> {5,> ===j

^ i+il> im > |n> ===,> ===j ===

Vhyhudo frpsohwh pdwfklqjv rq [ h{lvw/ dqg vrph ri wkhvh duh olvwhg lq wdeoh
41 Lq wkh wdeoh/ wkh hohphqwv uhihu wr wkh frqvwudlqwv +dv hohphqwv lq D, wkdw
duh dvvrfldwhg zlwk hdfk yduldeoh lq [1 Lq pdwfk 4/ {4 lv dvvrfldwhg zlwk i4
zkhuhdv lw lv dvvrfldwhg zlwk i; lq pdwfklqj qxpehu 51

Lq wkh qrq0idxow| fdvh/ {4 lv dvvhvvhg wkurxjk phdvxuhphqw/ irupdoo| wkurxjk
frqvwudlqw 4 dqg wkh duf +i4> {4> +i4> |4,,1 Li wkh idxow lq i4 rffxuv/ dqdo|wlf uh0
gxqgdqf| uhodwlrqv vkrxog eh irxqg wkdw uhfrqvwuxfw {4 iurp rwkhu uhodwlrqv1
Wklv lv srvvleoh iurp pdwfklqjv 5/ 6 ru 7/ zklfk gr qrw lqfoxgh i4= Lq frq0
vwuxfwlqj wkh dqdo|wlf uhgxqgdqf| uhodwlrqv/ rqh kdv wr frqvlghu wkh fdxvdolw|/
lw lv qrw srvvleoh wr fdofxodwh {4 iurp b{4 wkurxjk i45 dv olvwhg lq pdwfklqj 6/
vlqfh wkh lqlwldo ydoxh dw wkh vwduw ri fdofxodwlrq lv xqnqrzq1

Revhuyhu whfkqltxhv frxog/ qhyhuwkhohvv/ eh hpsor|hg wr surylgh d xvhixo
0 dqg dv|pswrwlfdoo| fruuhfw 0 hvwlpdwh/ li revhuydwlrq zdv vwduwhg zhoo lq
dgydqfh ri wkh idxow lqflghqw1

Wkh frqfoxvlrq lv wkdw lq wkh idxow| fdvh/ zh frxog xvh wzr uhpdlqlqj DUUv/
rqh xvhv frqvwudlqw i;/ wkh rwkhu i<1
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[0hohphqw Pdwfk 4 Pdwfk 5 Pdwfk 6 Pdwfk 7

{4 4 ; 45 <
b{4 : 45 : 45
{5 5 46 5 5
b{5 43 43 46 46
x4 6 6 6 6
x5 7 7 7 7
Thqj 9 9 9 9
Tsurs ; : ; :
Wsurs < < 43 43
N| 8 8 8 8
Lw 47 47 47 47
U+�, 48 48 44 44

Wdeoh 4= Irxu h{dpsohv rq frpsohwh pdwfklqj rq [ iru wkh h{dpsoh

:1514 Uhfryhu| iurp wkh vhqvru idxow

Wkh olqhdul}hg vwdwh htxdwlrqv iru wklv h{dpsoh duh ghulyhg durxqg d srlqw ri
rshudwlrq +�{4> �{5,1 D qrq0glphqvlrqdolvdwlrq lv rewdlqhg e| {34 @ {4@{4>pd{>
hwf1 Wkh sdudphwhuv duh �4 @ �Tqq&@Lw> �5 @ �Tqx&@Lw> �6 @ N|@Lw> �7 @
[xx@p> �8 @ +4�w,Wqq@p> dqg �9 @ �+4�w,Wqx&@p= Wkh qrq0glphqvlrqdo

sdudphwhuv duh �34 @ �4
{5
4>pd{

b{4>pd{
hwf=

Wkh qrq0glphqvlrqdo olqhdul}hg vwdwh htxdwlrq lv wkhq
�

b{34
b{35

�

@

�

5�34�{
3
4�x

3
5 . �35�{

3
5�x

3
5 �35�{

3
4�x

3
5

5�38�{
3
4 . �39�{

3
5�x5 �39�{

3
4�x5 . 5�37�{

3
5

� �

{34
{35

�

+57,

.

�

�36 �34�{
35
4 . �35�{

3
4�{

3
5

3 �39�{
3
4�{

3
5

� �

x34
x35

�

Wkh rxwsxw iru wkh qrq0idxow| v|vwhp lv
�

|34p
|35p

�

@

�

4 3
3 4

� �

{34p
{35p

�

+58,

Wkh rxwsxw iru wkh idxow| v|vwhp lv

^|35p` @
�

3 4
�

�

{34p
{35p

�

+59,

Wkh txdolw| phdvxuh edvhg rq revhuydelolw| lqgh{ lv �r @ 3=3:= Wklv vkrzv
wkdw uhfryhu| iurp wkh vkdiw vshhg idxow zloo eh srvvleoh/ exw d odujh sduw ri
revhuydwlrq �hqhuj|� lv orvw zkhq wkh vhqvru idxow rffxuv1

; Vxppdu|

Wklv sdshu kdv lqwurgxfhg idxow0wrohudqw frqwuro dv d qhz glvflsolqh zlwklq
dxwrpdwlf frqwuro1 Wkh remhfwlyh zdv wr lqfuhdvh sodqw dydlodelolw| dqg uhgxfh
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wkh ulvn ri vdihw| kd}dugv zkhq idxowv rffxu1 Frqflvh gh�qlwlrqv zhuh jlyhq
wr fryhu wkh klhudufk| iurp idxow0wrohudqw frqwuro wr vxshuylvlrq/ zlwk wkh uh0
phgldo dfwlrqv wr idxowv ehlqj gh�qhg dv dffrpprgdwlrq dqg uhfrq�jxudwlrq
ghshqglqj rq wkh ghjuhh ri uhgxqgdqf| lq wkh frqwuroohg surfhvv1 Sulqflsdo
dqdo|vlv ri hvvhqwldo v|vwhp surshuwlhv zhuh wuhdwhg/ wkh wrslfv zhuh vhohfwhg wr
jlyh wkh hvvhqfh ri dq ryhudoo idxow wrohudqw ghvljq1 Wkhvh lqfoxghg idxow surs0
djdwlrq dqdo|vlv/ vwuxfwxudo dqdo|vlv dqg vhohfwlrq ri wkh ehvw uhphgldo dfwlrqv
edvhg rq phdvxuhv ri uhfryhu| iru d v|vwhp zkhq d sduwlfxodu idxow rffxuv1 Dq
h{dpsoh iurp d vkls sursxovlrq ehqfkpdun zdv xvhg wr vkrz vdolhqw ihdwxuhv
ri gl�huhqw sduwv ri wkh ghvljq1

Uhihuhqfhv
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